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President-REGINALD LOVELL, D.Sc., Ph.D., M.R.C.V.S. [April 19, 1950] Porton, Wilts: There are probably very wide differences of opinion on the definition of infectivity of micro-organisms. I choose to limit definition to the capacity to produce a manifest disease process in the host. In other words in the broadest sense it is the power of being "poisonous", and it is to be considered synonymous with the term virulence.
I feel 'tha't it is highly' important at the outset to seal that definition by example. In conjuring up a conception of the degree of infectivity, there probably is in most of our minds a sense of invasive capacity-generally speaking there is the idea that the more invasive the organism, the more poisonous it will be. If we confine our definition of infectivity to the capacity of being poisonous, two examples may clearly show us first of all that the most toxic'of organisms may have absolutely no capacity to invade the host tissue and, on the other hand, that a highly invasive creature can be so adjusted that no apparent damage to the host results.
A wandering tetanus spore may exist within the host possibly for years without causing damage. If, however, it becomes deposited in physical surroundings where the oxidationreduction potential is sufficiently lowered, germination takes place; toxin is elaborated and absorbed, and the animal dies of acute tetanus the while the organisms remain strictly localized at the site of germination. In fact it can readily be shown that the danger to which the host is subjected is determined solely by the length of time the physical conditions at the site of germination remain capable of maintaining continued vegetation. In my opinion this wholly non-invasive organism must nevertheless be classified as highly infective. An example in the entirely opposite direction is given' by B. typhosum robbed of at least two antigenic components (the 0 and Vi antigens). injected intraperitoneally into the mouse, this organism quickly establishes itself in the blood stream where it remains in great vigour for periods up to three weeks. The mouse likewise appears to remain in perfect health. This highly invasive organism must, however, be classified for our purpose in this Discussion as non-infective.
A teleological approach is always a dangerous one, but I think we are on fairly safe ground in assuming that in the evolutionary process saprophytism preceded parasitism. Accompanying such change to parasitism there can usually be observed fundamental changes in the internal economy of the parasite. Of these let us examine two examples: nutritional requirements and antigenic structure.
(1) NUTRITIONAL REQUIREMENTS The view has been expressed that from the nutritional standpoint a change to parasitism involves a degenerative nutritional process. Thus, it has been argued that the most complete sense of independence is enjoyed by the autotrophe capable of synthesizing its total requirements from simple inorganic substances. Degeneracy, so called, gradually makes itself apparent through acquired dependence on organic products until we reach the deplorable state of the obligate parasite wholly dependent on the living cell.
Whether or not we choose to look on such differences as indicating a degenerative process, there are examples to show that the growth requirements of the parasite are more complicated than those of near relatives w'hich, as far as we know, are -strictly saprophytic. One might assume, therefore, that with a detailed knowledge of the growth requirements of the DEC. COMP. MED. 1 pathogen, a key might be found to explain the difference between parasitism and saprophytism. Such information certainly will be most helpful, but unfortunately we already know that it does not solve the problem. Let me note three examples:
(a) B. anthracis is unique in being the only true pathogen within the very large group of spore-bearing aerobes in the Genus Bacillus. The nutritional requirements of the group as a whole are simple. Further, it can be shown that in comparison with certain strains of B. subtilis, B. anthracis has, if anything, simpler requirements. Nevertheless, grown in simple media Anthracis can be shown to go through the full cycle of growth from spore stage to spore stage, and at any point in the process it retains a full degree of virulence. , (b) The normal'requirements of virulent forms of B. typhosum are not very complicated, and can be shown to be no more exacting than those of avirulent forms. Furthermore, both types can be "adapted" or "mutated" to grow in a simple ammonia medium containing a little carbohydrate, the while both forms retain in full measure their original characteristics.
(c) As a final example: one may note the spontaneous change from complete saprophytism to parasitism that occasionally occurs'without as far as is known any accompanying change in nutritional requirements. Thus, it is recorded in the literature how such an innocent creature as B. prodigiosum can suddenly emerge as the causative agent of fatal septicxmia in man.
It is unlikely therefore that we will find a solution to our problem purely on the basis of nutritional requirements, and therefore other manifestations of the internal economy of the parasite will have to be examined. Now it is clear that by one means or another the metabolic activity of the successful invader differs from the saprophyte to the extent that, for longer or shorter periods, continued existence within the host is assured. In the final analysis the parasite, far from being "degenerate", probably is physiologically a much more complicated model of efficiency than the saprophyte.
(2) ANTIGENIC STRUCTURE In this respect the key to parasitism was apparently in our hands when, for example, the wide difference in antigenic structure between virulent and avirulent forms of bacteria was first recognized; clearly much has been explained on this basis alone. -Once, mare, however, although perhaps less sharply defined than in the case of nutrition, differences in antigenic structure between virulent and avirulent forms of bacteria frequently fail to give a full account of differences in infectivity.
A classical example of this state of affairs is to be found in experimental infection with the pneumococcus. First of all I think it is true to say that more is known about the intimate antigenic structure and chemical composition of pneumococcal types than of any other organism. In addition, classical work has made it possible to transform one type into another both by in vivo and in vitro methods. Now it has been shown for example that, if a type pathogenic for mice loses its specific antigen, it automatically loses pathogenicity. It would appear, therefore, as if this antigen were the sole key to virulence. Unfortunately this is not so. Thus, if this basically virulent strain, now robbed of its specific antigen, is made to acquire the spec.ific antigen of a type highly virulent.for rabbits,jit is. virulentneither for the mouse nor the rabbit. However, made to reacquire its original specific antigen, virulence for the mouse is fully re-established. That, to say the least of it, is disconcerting, and it is obvious that factors other than specific antigen must be built up in the organism before the power of infectivity can manifest itself.
As a second example one may note.recent experiepce in our own laboratories. My colleague Burrows has-sdeveloped a tech'nique for`the'induction of X-ray mutation in B. typhosum. Such mutation is characterized by nutritional deficiency, and many strange creatures have emerged. Among them are several that have lost the power of synthesizing purine derivatives such as adenine. Now these types, when supplied with the-necessary"substances, elaborate both 0 and Vi antigen. However, such mutants are certainly to be placed in the class of avirulent strains, for in fact the killing dose of living suspensions is nearly the same as the dose of killed suspension of a fully virulent strain. It seems, therefore, that we have here a clear demonstration of the fact that antigenic composition is not the sole key to infectivity. Now in addition to those-antigens that are intimateyn associated with the cell and play a part in infectivity, certain organisms produce soluble products quite distinct from the typical exotoxins of, for example, Cl. tetani that f mentioned earlier, that are also of importance. We may note two examples:
First of all, the "spreading factor" of McClean and Duran-Reynals now recognized as hyaluronidase. This enzyme is elaborated by a very wide variety of micro-organisms. In certain instances, as for example in certain streptococcal infections, it can be shown to play a dominant role in the outcome of infection. In others, as for example Cl. welchii infections, there is generally no detectable difference in the disease established by strains that do elaborate hyaluronidase, and those that do not.
Secondly, one may note the much debated role of "aggressins" in establishing the infectivity of certain bacteria. These substances were first described by Bail as only to be produced in vivo through some mythical host reaction on the organism. They were believed to be responsible for breaking down host defences, allowing the organism to invade and kill. If one takes B. anthracis infection as an example, cell-free tissue extracts of infected animals were in fact found to produce an effective immunity. Gladstone in recent years has firmly established that similar, if not identical, substances can be produced in vitro. (Here in parenthesis may I add the hope that once and for all the myth is dispelled that only the living host can induce the production of such substances.) Now it is highly probable that they do play an important part in infection provided always the strain producing them is in a position to take advantage of the situation. But, in a way closely paralleled by the role of the pneumococcus that I have outlined, one finds that completely avirulent strains of B. anthracis have produced these substances. Once again, therefore, "aggressin" production forms only part of the story of infectivity.
So far Il,ave outlined,a few of the initrinsic, fa.ctors associated with the organism and its power of infectivity. I have chosen to do so in a sort of negative sense by pointing out that no single factor or group of factors determines infectivity as 1 have chosen to define it.
It is my opinion that extrinsic factors play an equally important role. Regrettably many of them are as yet ill-defined, but I would predict that, until such time as they have been explored further, our understanding of the initiation of naturally occurring bacterial disease will be far from complete. Let me take at random a few examples of the effect of such extrinsic factors.
In testing the virulence of anthrax strains, a not infrequent method is to inject the spore suspension in distilled water intraperitoneally in mice. In so doing great care must be given to the volume of-liquidcontaining the spores that is injected. For example,. if a.l 0 ml. volumne is used, a very much higher death-rate is recorded than if the same number of spores is given in0O 1 ml. The reasons for this are not clear, but it may well be either a direct and systemic toxic action on the host, or a lytic action on the cells lining the peritoneum whereby substances essential for the germination of the spores are liberated. This latter theory is given added support by some recent work in our laboratories on the role of surface active agents in enhancing the infectivity of anthrax spore suspensions. The most dramatic results are to be observed in the rat-an animal generally regarded as having a solid natural immunity to anthrax. Thus, it can be shown that the I.P. injection of 108 spores in 0 5 ml. distilled water is well tolerated by the rat, only a very occasional animal dying from specific anthrax infection. If, however, in place of distilled water a1 % solution of the kationic detergent, known commercially as Tergitol, is used, the LD 50 is obtained with about 100-1,000 spores; an enhancement in infectivity of at least 100,000 to one millionfold. Now the elucidation of this problem is far from complete, but first of all it seems as if the degree of activity of a detergent in this respect may be closely related to its lytic activity, and secondly it can be shown that certain naturally occurring body fluids, as for example mouse plasma, used in the same volume as with the Tergitol spore suspension, can produce nearly identical results. These two points suggest that within the peritoneum of the rat all that may be requiredis a suitable cultu're mediums for the germination and development of the anthrax spore. Enhancement of infectivity by other extrinsic agents, as for example hog gastric mucin, is now thoroughly established for a wide variety of organisms. Incidentally, the degree of enhancement of infectivity of anthrax spores in the rat by. the use of mucin is closely similar to that produced by Tergitol. Nevertheless it can be clearly demonstrated that the mucin acts in an entirely different way from the Tergitol. The mode of action of the mucin is not proven, but it is being currently suggested in the literature that it increases tissue permeability in such a way that the would-be invader is given easy access to sites where it may readily multiply.
Irrespective of the precise mode of action of these two types of substance, it seems clear that they act synergically with the potential parasite to produce a degree of invasiveness of the mixture which in many instances closely approaches the theoretical limits, namely the induction of disease by a single parasitic cell.
These dramatic results are conditioned in large measure by the route of infection, and by the intimacy of contact between the parasite and the adjuvant. As far as the detergents are concerned in the enhancement of infectivity of B. anthracis, no effect is noted if the mixture is given intracutaneously, subcutaneously or by the intravenous route and only some relatively small,-effect is observed when'the respiratory route is used. One can speculate as to why this is so, but supporting experimental evidence is lacking. A not dissimilar state of affairs exists in the case of gastric mucin. Certainly the intraperitoneal route is the one par excellence, but some action is claimed when other routes are chosen. However, the literature is far from satisfactory on this issue, and there are certainly little data that would stand up to the cold analysis of the statistician.
The route of infection can certainly determine the type of host reaction as well as the type of disease that may manifest itself. In this latter connexion I would cite what 1 find to be a fascinating example. Some years ago Stephenson and Ross, while working on problems of immunity to anaerobic infection, encountered a strain of Cl. welchii which, if suitably introduced into limb muscle, produced a classical type of experimental gas-gangrene the toxic symptoms of which could be effectively controlled by antitoxin. If, however, infection was initiated by the I.P. route, no amount of antitoxin could save the animals, and the evidence was that they did not die of a classical weichii tox'eumia, 'but from a septicmmia; in which no exotoxin was elaborated. Now this may be an extreme case, but in passing it is well to remember that the degree of success attending the antitoxic therapy of welchii infection of war wounds, most frequently of the extremities, has not been obtained in welchii infections of abdominal origin.
Reverting to the influence of extrinsic factors other than the host in determining infectivity, I should like to take one final example. The field of airborne infection consists almost wholly of a maze of unsolved problems. That such a means of infection was possible was proven experimentally some sixty to seventy years ago, but the determinant factors are as yet so completely unknown that we find ourselves arguing as to whether or not airborne infection is in fact an important issue in naturally occurring disease. It is clear that in the years to come experimental methods must be devised to elucidate this problem, and I suggest that the study of these issues will either alleviate our apprehension of the possible dangers of such a mode of infection, or more probably give us leads as to the causation of some of the greatest epidemics known to man. Three lines of attack that deserve immediate attention are:
(1) The role of particle size in determining infectivity according to the pathogen involved. For example, it may well be that for the initiation of a. pneumococcal infection penetration of the infective particle' to the 'deepest alveolh spaces is essential, whereas with neurotropic virus the deposition of particles on the olfactory nerve endings is the essential criteria for establishing infection.
(2) The menstruum in which the infective particles may be held will surely be found to play a very important role. I have already mentioned extrinsic factors that can be of the greatest importance in establishing an invader, and I would be surprised if in airborne infection this was not found to be of paramount importance.
(3) Finally, investigation will have to go much further on the possible synergic action of two or more potential invaders be they presented to the host simultaneously, or separatelv and by different routes.
II. VIRUSES
Professor W. I. B. Beveridge, Department of Animal Pathology, University of Cambridge: In discussing the process of infection by viruses, a useful starting point is to consider the fundamental difference between viruses and most other infective agents, namely, that viruses'have to get 'inside susceptible cells in order' to multiply. Not only do viruses have to get through the various physical and chemical outer defences of the host, find their way to susceptible tissue and get inside the appropriate cells, but they have to accomplish this hazardous and difficult task without the aids which many bacteria have developed for these-purposes, such as active motility, protective capsules, exotoxins, coagulase, &c.' These considerations would lead us to suspect that viruses possess special mechanisms, the most important of which would be means of (a) attaching themselves to the appropriate cells, and (b) penetrating the cell wall.
It is well established that a great many viruses have, in fact, a propensity for attaching themselves to host cells and the mechanism of this ability has been studied in bacterial viruses (phages), animal viruses and plant viruses. With both animal viruses and bacterial viruses, attachment may occur without penetration, and the fact that a virus attaches to a particular type of cell does not necessarily mean that cell is susceptible. There is also other evidence which I shall mention later which shows that we must regard attachment as a process distinct from penetration. Attachment of virus to cells.-The phenomenon of virus hemagglutination, which with most viruses involves the attachment of the virus to the red cell, provides a useful model for the study of this first stage of virus infection. Hemagglutination has now been demonstrated with the viruses of influenza A and B, Newcastle disease and fowl plague, mumps, Horsfall's pneumonia virus of mice ("P.V.M."), Taylor's new influenza-like virus, which he calls "1233", and several neurotropic viruses infecting the brain of mice (mouse encephalomyelitis, Columbia SK and MM, meningo-encephalomyelitis, encephalomyocarditis and the Coxsackie virus.
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The virus of louping ill attaches to red cells but hemagglutination has not been demonstrated. Vaccinia, variola and ectromelia cannot be included in this list because with them the hemagglutinating agent is distinct from the virus elementary body. During recent years there has been a great deal of investigation carried out on the virus-cell interactions with the influenza group of viruses. I shall try to summarize the salient points.
The attachment of the influenza virus to the red cell or the cell of the respiratory mucosa has been considered to be of the nature of an enzyme-substrate union. The virus has the property of an enzyme in that it destroys the receptors on the cells while it remains unchanged itself. The substrate, that is, the receptors, has been characterized as mucopolysaccharide in nature.
This union between the virus and the red cell in vitro can be prevented by a variety of substances which are widespread in nature and in the animal body. Most of these inhibitors of haemagglutination are regarded as analogues which compete with the receptors. They can be destroyed by the enzymic activity of the virus. However, hkmagglutination-inhibitors of this type are either not anti-infective, or only weakly so, that is to say, when mixed with virus most of them fail to prevent infection occurring in mice or chick embryos. Therefore their biological significance is uncertain.
Turning now from these substances which inhibit hemagglutination by playing the part of the receptors on the red cell, we have to consider another mechanism by which the viruscell union can be prevented, namely, by destroying the receptors on the cells by means of a suitable enzyme, which in so doing plays the part of the virus. Enzymes in filtrates of cholera vibrio can not only destroy the receptors on red cells and so render them unagglutinable by the virus, but they can also prevent infection in mice and chick embryo (Stone, 1948) .
As a result of work along these lines, it has been assumed that the destruction of the receptor by the virus was an essential step in the invasion of the cell. However, this view is now open tc doubt. De St. Groth and Graham (1949) have shown that infection can proceed normally in chick embryos or in mice after the receptors on the cells concerned have been rendered resistant to the destructive action of the virus enzyme by previous treatment with periodate, which modifies the receptors in such a way that the virus still attaches to them but cannot destroy them.
No doubt normally enzymic destruction of receptors does take place, but it now appears that this may be only incidental to. the process of infection. It is now questioned whether even the enzyme-substrate absorptive process plays an essential role in infection. Whatever may be the true facts with influenza, it seems definite that the attachment mechanism used by Horsfall's "P.V.M." virus has nothing to do with enzymic action, for with this virus no enzymic activity toward its receptors has been demonstrated. Here the union is thought to be an electrolytic one (Davenport and Horsfall, 1948) . Penetration of cell walls by viruses.-There has been little direct investigation on this stage of infection because it is difficult to find an approach. Merling (1949) has studied penetration of bacteria by bacterial viruses. He used the electron microscope but was not able to throw much light on what happens.
It has been suggested that penetration by viruses takes place by the same mechanism as does penetration of colloidal particles, but I doubt if this idea helps very much. There are canals running through the walls of the cells of the so-called striated layer lining the intestine. The function of these canals, which are about 05 ,u in diameter, presumably is to allow entry of colloid-sized particles from the intestine. The transport through the canal is probably accomplished by means of electrical forces. I do not know whether similar canals exist in other cells.
In some instances penetration of the cell probably takes place by phagocytosis. This is the method by which Fenner (1949) believes the virus of mouse pox gets into cells of the liver and spleen of mice.
In summary then, our knowledge of how viruses penetrate cell walls is practically nil. Multiplication of virus inside the cell.-After the virus has got inside the cell, the course of the infection may still be subject to certain outside influences as is shown by the phenomenon known as "interference". This term was originally employed to describe the effect of one virus in preventing or limiting the infection by a second virus inoculated about the same time. Now the term is also applied to the suppression of infection by agents such as inactive homologous virus, and this is the only aspect of the interference that I think is relevant to this Discussion. I would emphasize that here we are concerned not with hemagglutination but with infection of a susceptible host.
A lot of investigation has been carried out on the interfering action of ultraviolet-irradiated influenza virus on active influenza virus in the chick embryo (Henle and Rosenberg, 1949) . Another example of interference which has been closely studied is the effect which the polysaccharide of Friedliinder's bacillus type B has on the infection of the chick embryo by mumps virus, and on infection of the mouse by Horsfall's "P.V.M." (Ginsberg and Horsfall, 1949) .
TheFriedliinder polvsaccharide has an interferingactiononinfectionby mumps or "P.V.M." even when administered four days after the virus, andirradiated influenza virus has a suppressing effect when given as long as three hours after inoculation of the active virus, that is, well after the virus has invaded the host cells. The Friedlander polysaccharide does not prevent the attachment of the virus to the cell, nor combine with the virus, nor in any way react with it outside the cell. The interference with the course of infection, at least with these two systems, is quite definitely not due to prevention of attachment or penetration of the virus.
The interference concerns intracellular processes and is probably due to prevention of some phase of reproduction rather than to prevention of release of virus from the cell.
Incidentally, there is no interference between the influenza group of viruses on the one hand and the viruses of mumps and "P.V.M." on the other, which shows that the interfering effect is highly specific and not due to a general interruption of the metabolic processes of the cell.
The excessive dose effect.-Keeping these fundamental considerations of virus-cell relationships in the back of our minds, I would like now to discuss an interesting dosage effect that has been observed with several viruses, namely, that very large doses of virus may produce less severe infection than moderate doses. I shall refer to this as the "excessive dose effect". Probably these observations are not all manifestations of the same underlying mechanism, but I think the concept of the excessive dose is a useful idea around which to discuss several factors influencing the infectivity of viruses. 1 shall first list the examples and then discuss the probable explanations.
1. Rabies: The first observation of this nature was made by Pasteur with rabies. Not only did he notice that often suspensions of rabbit-cord virus in large doses produced rabies less regularly than small doses, but he carried out experiments which demonstrated this point (Pasteur, 1887) .
II. Influenza: The bcst known and most studied example of the excessive dose is that influenza virus when inoculated in large doses into the allantoic cavity of the chick embryo produces a lower yield of virus than when smaller inocula are used (Henle and Chambers, 1941) . III. Vaccinia: Vieuchange (1940) showed that concentrated suspensions of infected rabbit brains produced much less severe reactions when inoculated into the skin than did the same material used more dilute. Similar results were obtained with calf lymph virus. IV. Distemper: Green (1945) showed that distemper virus, after passage through ferrets, has lowered virulence for dogs, and he and others have found that small doses of this "ferret virus" more often lead to severe disease in dogs than do larger doses.
V. Rinderpest: Dr. J. T. Edwards (personal communication) has found that a 1 in 125 suspension of infected ox, goat or rabbit spleen is much more likely to set up infection in rabbits than a 1 in 5 suspension. He observed a similar effect when goat-adapted rinderpest virus was titrated in cattle.
VI. Homologous serum jaundice: There is a widely held opinion that this disease is more likely to follow very small doses of serum than very large doses. I do not know of any direct experimental evidence on this point. VII. Bluetongue in sheep: In 1905 Theiler found that when he passaged this virus in sheep it caused during the first 10 passages a severe disease with 10% mortality, as it did in the field, but on further passage the disease was mild and caused no mortality. This sheep passage virus has been used extensively as a vaccine (Du Toit, 1929) . It is contrary to general experience that serial transfer in a particular species of animal should result in genetic attenuation of a virus for that animal, and I suggest this may be another example of the excessive dose effect. Some support is lent to this hypothesis by recent observations that after passage in sheep for forty-five years, the virus can sometimes give rise to severe reactions, though no experiments have been reported using small doses (Neitz, 1948) .
It might be misleading if I were not to mention that there are some viruses with which attempts have been made to demonstrate the excessive dose effect without success. These are mumps, Newcastle disease, Japanese B encephalitis, louping ill and the psittacosis group when grown in the chick embryo.
Possible explanations of the excessive dose effect.-In some instances the explanation of the excessive dose effect may be that antibody is present together with virus in the tissue suspensions used as inoculum. It is well known that neutral mixtures of fairly concentrated virus and antiserum often become infective if they are diluted. Vieuchange brought forward experimental evidence showing that this was probably the explanation in his work with vaccinia. His virus suspensions were prepared from the brains of rabbits dying three or four days after inoculation, which is earlier than antibodies can usually be demonstrated. Oerskov and Anderson (1938) carried out experiments which suggested that local antibodies may be present even as early as the second day of vaccinia infection when massive inocula have been given, but not till much later when more dilute inocula have been used. This explanation of the excessive dose effect as being due to antibody in the inoculum is more plausible when applied to Pasteur's work with rabies where the rabbit-cord virus was harvested at least a week after inoculation, and with bluetongue which was passaged at intervals of over a week, and homologous serum jaundice where the infective serum may be taken many weeks after inoculation. In this connexion it will be recalled that sometimes when animals die from infection with a virus with which they have been inoculated it is not possible to demonstrate the virus after death. These failures to detect virus have been attributed to the presence of antibody.
A second possible explanation of the excessive dose may be that the inoculum contains virus-neutralizing substances other than antibody. Non-specific virus-neutralizing substances have been demonstrated in body fluids and tissue extracts by several workers recently (Burnet, Lush and Jackson, 1939; Gard, 1944; Koprowski, 1946; Utz, 1948!/9; Smith, 1949; Ginsberg and Horsfall, 1949) . Such substances may be present in sufficient amount to prevent or lessen infection when concentrated suspensions are used as inocula but they mostly lose their action after moderate dilution. Under this head may also be mentioned the fact that some viruses become bound to tissue components. With some plant viruses so little "free" virus may be present in suspensions that grafting may be necessary in order to transmit the disease. Escape from antibody or other harmful substances in the tissue extract is probably also the explanation of why some Rickettsixe increase in virulence for guinea-pigs during the first few passages in chick embryos.
With influenza virus in the allantoic cavity of the chick embryo, there can be no question of antibody, nor has any virus neutralizing substance been demonstrated in eggs. The explanation which was first accepted for the lowered yield of this virus which followed large inocula as compared with small, was that the inoculum contained virus which was degraded by age and which interfered with the active virus. The effect was obtained if the seed virus had been harvested forty-eight hours after inoculation but not if after twenty-four hours. The same effect could be obtained by adding irradiated virus to small inocula of active virus (Henle and Henle, 1943) .
The Scandinavian workers von Magnus (1947) and Gard, von Magnus and Svedmyr (1947) have shown that the mechanism is not quite as was at first envisaged. They found that when influenza virus is passaged in eggs using undiluted allantoic fluids as inocula, the resultant 'virus" has a low infectivity, or is even non-infective, for both mice and chick embryos when inoculated undiluted, though it is capable of killing mice when diluted I in 10 or 1 in 100. They showed that this is due to the production of two types of virus particle, the normal one and another which is non-infective from the start. This second one has an interfering action against the normal virus. These workers considered that when there is an excessive inoculum, too many virus particles invade each cell with the resultant shortage of some essential substrate and production of "incomplete" virus.
A mechanism of this type-blockade by non-infective virus might operate in some others of the examples of the excessive dose effect which have been cited.
These three possible explanations of the excessive dose effect as being due to the presence in the inoculum of substances which are harmful to the growth of the virus, but only in low dilutions, are each based on experimental evidence. A further explanation has been suggested in the case of attenuated viruses, but, as far as I know, this one does not rest on experimental evidence. It has been suggested that when large inocula are administered, most of the susceptible cells are immediately infected by the attenuated virus, but when small inocula are introduced the virus may reproduce for many generations in the inoculated animal and this provides an opportunity for a more virulent mutant to occur. I think these factors which I have mentioned have significance in the infectivity of viruses that goes beyond the examples of the excessive dose effect cited. For example, failure to isolate a virus and establish it in a new host might sometimes be due to inoculation being made with too concentrated suspensions. So far as one can generalize, I should think that the inocula likely to be the most infective would be material taken early in the course of a rapidly developing case of the disease, made into a suspension of about 1 in 100 in one step and inoculated without delay. Any adverse influences which it may be subjected to in the handling not only lower the titre but, what is probably more important, may produce inactive virus which will interfere with the remaining active virus. Nevertheless, when a virus is inoculated into a new host which it can only infect successfully by undergoing modification, the most essential requisite may be to administer a massive dose so as to provide the maximum opportunity for the desired mutant to arise.
Before leaving this subject it is worth noting that the excessive dose effect may be cumulative over several passages. This has been demonstrated clearly with influenza in the egg and is probably implicit in the work quoted on vaccinia and bluetongue. Conversely, several rapid passages under optimum conditions are often required to regain maximum infectivity of a virus that has been subjected to adverse influences. This may be due to the avoidance of the factors which bring about the excessive dose effect.
Attenuation and adaptation.-By "attenuation" to-day we usually mean a genetic change in the organism associated with decreased virulence for a particular host. However, earlier virus workers, and some present-day ones, speak of attenuating a virus by some chemical or physical treatment, just as one might speak of partly detoxicating a toxin. Attenuation in this sense is not genetic, but neither is it purely a matter of lowering the number of infective virus particles. I suggest that this form of attenuation is due to the creation of a mixture consisting of a small number of infective particles together with many others that are non-infective but capable of exerting an interfering effect and an antigenic effect. But "attenuation" as we usually employ the term to-day is a genetic process, associated with adaptation to a new host and decreased virulence for the original host. Until quite recently the general view was that adaptation to a new host depends on the occurrence of a mutant which is favoured by the new environment and so grows more rapidly and displaces the original type. However, there is a different type of genetic variation which must now be taken into account. Recent work with bacterial viruses has shown that these viruses can reproduce by a sexual process, which involves a recombination of the characters of two parent strains. The progeny of such "crossbreeding" between two bacterial viruses may show a new host range (Hershey and Bronfenbrenner, 1948 ). Very likely it is possible for two strains of an animal virus to "crossbreed" in this way. Recombination of characters from different strains may be the method by which epidemic strains arise following the mixing of populations. Mixing of populations of people or animals would provide opportunities for the mixing and "crossbreeding" of strains of low virulence and this may produce a strain of high infectivity and high virulence.
Another interesting possibility is that with knowledge of this method of reproduction we may be able to produce new strains which can infect new hosts. For example, a mixture of several different strains of virus, none of which can themselves grow in a chick embryo, might give rise to a strain which can grow in this host. In fact possibly this has already been done inadvertently. Traub and Schneider (1948) inoculated a mixture of 10 strains of footand-mouth virus into the chick embryo thinking that perhaps one of the ten might be capable of growing there. He obtained growth of a strain which however did not correspond exactly in character with any of the strains inoculated. He does not seem to have considered the possibility of its being a recombinant.
